Objective To examine whether aging itself affects insulin resistance (IR) and insulin secretion in the general Japanese population. Methods This study included data for 2,324 men and 1,472 women 30-79 years of age without diabetes who participated in a general health checkup program. The effects of age on homeostasis model assessment of insulin resistance (HOMA-IR) and homeostasis model assessment of β-cell function (HOMA-B) were examined using a linear regression model. Logistic regression models were used to identify clinical characteristics related to age. Multiple regression analyses using a stepwise form were performed to examine factors, including age, possibly affecting HOMA-IR and HOMA-B. Results The fasting plasma glucose (FPG) levels increased with age in both sexes, whereas the body mass index (BMI) and HOMA-B decreased with increasing age in men and the BMI increased with age in women. The HOMA-IR increased with increasing age in postmenopausal women. The proportion of physically active subjects increased in both sexes, and the proportion of current smokers decreased with age in men and postmenopausal women. The proportion of regular drinkers increased, and the proportion of subjects with a family history of diabetes decreased with age in men. The stepwise multiple regression analysis showed that age was inversely associated with the HOMA-B in both sexes and positively associated with the HOMA-IR in men and postmenopausal women. However, the BMI had the largest impact on the HOMA-IR and HOMA-B in both sexes. Conclusion Age-related increases in the glucose levels in Japanese men and women may be associated with impaired insulin secretion. As a result, a sex difference was observed regarding the impact of aging on IR.
Introduction
The prevalence of diabetes is increasing in various regions of the world (1) . Several factors, including an increase in the elderly population worldwide, the adoption of a more sedentary lifestyle, increased diagnostic activity and improvements in the prognosis of diabetes, may be contributing to this global trend. However, age is the most important non-modifiable risk factor for type 2 diabetes. In Japan, one quarter of the population was >65 years of age in 2011, and this proportion is expected to increase to 33.4% by 2035 (2) .
Glucose intolerance is characterized by both decreased insulin secretion and increased insulin resistance (IR) (3); however, the effects of these factors differ across different ethnic groups (4, 5) . Among studies from the US and Europe, many (6, 7), but not all (8) , have reported that insulin sensitivity declines with age. The reported effects of aging on the β-cell function are varied (6-9) due to differences in the methods used to assess insulin secretion. In Japanese subjects, Toyoda et al. (10) demonstrated that age-related fasting plasma glucose (FPG) elevation is primarily due to a decreased β-cell function rather than increased IR in men. Another study that examined subjects without diabetes using hospital-based data reported that age is associated with both insulin secretion and IR (11) . However, little is known regarding to what extent aging affects glucose metabolism, IR and insulin secretion independent of other environmental factors in the Japanese general population. Therefore, we aimed to examine the trends in IR and insulin secretion as a function of age and identify factors, including age, associated with IR and insulin secretion in Japanese men and women without diabetes.
Materials and Methods

Study subjects
This study recruited 3,908 non-diabetic subjects ( (12) and take medicines to alter IR. The remaining 3,796 (2,324 men and 1,472 women) subjects were included in the data analysis.
Data collection
The health checkup examinations conducted at the two hospitals included biochemical laboratory testing and the application of a self-administered questionnaire regarding the smoking status, leisure-time physical activity, medical history, alcohol use and menopausal status (for women). The smoking status was classified as never (including nonsmokers and past smokers) or current. The leisure-time physical activity status was classified as sedentary or active. Alcohol use was classified as never (including non-drinkers and occasional drinkers) or regular. Height was measured to the nearest 0.1 cm with the subject standing without shoes. Body weight was measured to the nearest 0.1 kg with the subject dressed in light indoor clothing. Blood pressure was measured using an automatic sphygmomanometer with the subject in the sitting position after having rested for five minutes.
All biochemical assessments were conducted at the same commercial laboratory (SRL, Hachioji, Tokyo). Blood samples were collected in the morning after a 10-hour fast. The FPG levels were measured according to a hexokinase UV method using a 9000 Automatic Analyzer (JCA-BM2250, Hitachi, Tokyo, Japan). The plasma immunoreactive insulin (IRI) levels were measured using an immune luminescencebased assay (CLEIA, Lumipulse Presto II, Fujirebio, Tokyo, Japan). Diabetes was diagnosed in subjects with a known history of diabetes or an FPG level of ! 126 mg/dL according to the World Health Organization 2006 criteria (13) .
Insulin resistance and secretion
IR and insulin secretion were calculated according to the FPG level and fasting IRI (F-IRI) based on the homeostasis model assessment (HOMA) (14) using the following formulae: HOMA-IR = FPG (mg/dL) × F-IRI (μU/mL)/405; and HOMA of β-cell function (HOMA-B) =360× F-IRI/(FPG-63).
Statistical analysis
The data analyses were performed and reported separately for men and women (pre-and postmenopause). Due to the skewed distributions of F-IRI, HOMA-IR and HOMA-B, log-transformed values were used, which more closely followed normal distributions. The possible relationships between aging and the anthropometric measurements, FPG, HOMA-IR, HOMA-B were investigated using a linear regression model. Logistic regression models were used to investigate the relationships between aging and categorical clinical characters.
Stepwise multiple regression analyses were performed to examine factors possibly affecting HOMA-IR or HOMA-B. Age (continuous), body mass index (BMI) (continuous), leisure-time physical activity (categorical), alcohol use (categorical), smoking status (categorical), a family history of diabetes (categorical) and study center (categorical) were included as covariates.
The Statistical Package for Social Sciences (SPSS) for Windows (version 21.0, Chicago, USA) was used for all statistical analyses. All reported p values are two-tailed, and a p value of <0.05 was considered to be statistically significant.
The study was approved by the Institutional Review Boards of the two hospitals and Tokyo Women's Medical University, and written informed consent was obtained from all study participants. Table 1 shows the characteristics of the two cohorts. The subjects in the Kurihashi cohort were younger and had higher BMI and lower FPG values than those in the Yamanouchi cohort. The mean F-IRI, HOMA-IR and HOMA-B values were higher in the Kurihashi cohort than in the Yamanouchi cohort. The proportion of regular drinkers was higher and the proportion of subjects with a family history of diabetes was lower in the Kurihashi cohort than in the Yamanouchi cohort. The proportion of physically active subjects was higher in the Yamanouchi cohort than in the Kurihashi cohort among women. 
Results
Characteristics of the two cohorts
Anthropometric, glucose metabolic and lifestyle characteristics according to age
The FPG levels increased with age in both sexes. In men, the BMI and HOMA-B values decreased with increasing age. Among women, the BMI values increased with increasing age, with the F-IRI and HOMA-IR values increasing with increasing age in postmenopausal women ( Table 2) .
The proportion of physically active subjects during leisure time increased in both sexes, while that of current smokers decreased, with age in both men and postmenopausal women. The proportion of regular drinkers increased, while that of subjects with a family history of diabetes decreased, with age in men (Table 3) .
Factors affecting HOMA-IR and HOMA-B
The multiple linear regression analyses showed that the HOMA-IR was positively associated with age, BMI and a family history of diabetes and negatively associated with the level of physical activity during leisure time in men (Table 4). Among premenopausal women, the HOMA-IR was positively associated with BMI. In contrast, the HOMA-IR was positively associated with age and BMI in postmenopausal women (Table 4) .
The subsequent analysis showed that the HOMA-B was positively associated with BMI and negatively associated with age, physical activity during leisure time and current alcohol intake in men (Table 4) . Among both pre-and postmenopausal women, the HOMA-B was positively associated with BMI and negatively associated with age ( Table 4) .
The highest absolute standardized partial regression coefficient (β) was observed for BMI in each regression analysis using either the HOMA-IR or HOMA-B as the dependent variable (Table 4) . 001 Excluded values for log HOMA-IR were current smoking and current alcohol use, and those for log HOMA-B were current smoking and family history of diabetes in men. Excluded values for log HOMA-IR were age and physical activity during leisure time, and those for log HOMA-B were physical activity during leisure time in premenopausal women. Excluded values for log HOMA-IR were age, physical activity during leisure time and current smoking, and those for log HOMA-B were physical activity during leisure time and current smoking in postmenopausal women. Categorical variables: physical activity during leisure time; inactive=0, active=1, current smoking; nonsmoker=0, current smoker=1, current alcohol use; nondrinker=0, current drinker=1, family history of diabetes; no=0, yes=1, study center; Kurihashi=0, Yamanouchi=1
Discussion
The current study showed that age had a negative and independent impact on the HOMA-B values in both sexes, while age had a positive and independent impact on the HOMA-IR values in men and postmenopausal women. BMI had the largest, positive and independent impact on the HOMA-B as well as the HOMA-IR in both sexes. Therefore, the effects of age on insulin secretion and sensitivity should be analyzed by incorporating BMI as a covariate because these parameters are largely influenced by adiposity among Japanese men and women without diabetes, as clearly indicated in this cross-sectional analysis.
Previous studies have reported that IR increases with age (6, 7, 15, 16) . Some of these reports have demonstrated that a large portion of IR can be attributed to increased body fat and decreased physical activity related with aging (15, 16) . It is known that Asians have lower BMI values and higher percent body fat values than whites (17) , and Asians with glucose intolerance are leaner than glucose introlerant individuals in other ethnic groups (18) . Moreover, the insulin secretory capacity in Asians is estimated to be relatively lower than that observed in Western individuals (19) . Therefore, the impact of IR and insulin secretion on glucose metabolism in Asians may be different from that occurring in Western people. A previous study of Japanese men with normal fasting glucose reported that age-related increases in FPG are associated with a decreased β-cell function, rather than IR (10); however, these results were not adjusted for body composition or lifestyle factors. In the present study, we found a significant relationship between age and IR, independent of BMI and clinical characteristics, including physical activity during leisure time, in men. Aging was found to be significantly and inversely related with insulin secretion, independent of BMI, in both sexes, whereas insulin secretion increased in association with increasing BMI. One study involving autopsies in subjects with normal glucose tolerance reported that the β-cell mass of the pancreas is greater in obese patients than in lean subjects (20) . Moreover, Funakoshi et al. (21) reported that BMI is a major factor involved in lowering the β-cell function in Japanese patients with type 2 diabetes. In the present study, among men, the HOMA-B values were negatively associated with a physically active lifestyle during leisure time and regular alcohol intake. The effects of physical activity may be due to changes in body composition. The results of previous studies regarding the effects of alcohol intake on insulin secretion are conflicting (22, 23) . The mechanisms underlying the effects of alcohol intake on the β-cell function are unclear; however, Flanagan et al. (24) reported that regular alcohol ingestion suppresses first-phase insulin secretion, which may lead to β-cell dysfunction. Since the present study was cross-sectional, the results must be validated by longitudinal data.
In the current study, there were sex differences with respect to the impact of aging on HOMA-IR between men and premenopausal women. Age had a positive and independent impact on the HOMA-IR values in both men and postmenopausal women. The reason for this finding is unclear; however, there are several possible explanations. It is known that men tend to have higher visceral/peripheral fat ratios than women (25) . Central adiposity, particularly the presence of visceral fat, is believed to play a key role in the development of IR (25, 26) . Estrogen may also play an important role in maintaining insulin sensitivity in premenopausal women (27) , whereas the levels of androgens increase with age, which results in increases in adipose tissue, particularly visceral fat, and skeletal muscle insulin resistance in women, particularly postmenopausal women (28). Although we did not examine waist circumference, which reflects the amount of visceral fat, BMI values increase with age in women. Therefore, changes in sex hormones and body composition due to aging may more strongly affect insulin resistance than age per se in Japanese women, whereas men do not experience dramatic changes in the levels of sex hormones. Age-related decreases in the muscle mitochondrial function are associated with increased IR (29) and may also lead to impairment of peripheral glucose utilization. The rate of skeletal muscle mitochondrial ATP production in men is higher than that observed in women (29) , whereas women have a higher proportion of type I, glucose oxidative skeletal muscle fibers than men (30) . These differences in the skeletal muscle function may account for some of the sex differences observed in this study. Moreover, lifestyle differences between men and women, including the lower proportions of current smokers and regular drinkers noted among women, may explain the gender differences in the impact of aging on IR and insulin secretion.
The effects of aging itself on glucose metabolism are unclear. Many reports examining other mechanisms of agerelated glucose intolerance have recently been published. In some studies, elderly subjects have been found to exhibit delayed and reduced insulin responses to hyperglycemic challenges compared with that observed in younger subjects (31, 32) . In one study, β-cell sensitivity to incretin hormones was shown to be possibly impaired in the elderly compared with that noted in youthful subjects (33) . Aging is associated with decreases in the levels of growth hormone and circulating insulin-like growth factor (34, 35) . These age-related changes can result in glucose intolerance in the elderly. Further investigations are needed to elucidate the mechanisms underlying the development of age-related glucose intolerance.
There were several limitations in the present study. First, this study had a cross-sectional design; therefore, future longitudinal analyses of changes in IR and insulin secretion are required. Second, we evaluated IR and insulin secretion using the fasting insulin concentration. The HOMA-IR primarily reflects hepatic IR and is not a sensitive index of peripheral IR. The insulin concentration is an unreliable index for assessing insulin secretion, as hepatic insulin clearance changes with age and post-hepatic insulin delivery decreases by 25% between the ages of 18 and 85 years (36) . Oral or intravenous glucose tolerance tests and assessments using hyperinsulinemic-euglycemic clamps are the gold standard methods for evaluating insulin secretion and IR. Therefore, the HOMA-B provides a surrogate measure of insulin secretion, and hence our results must be confirmed in further studies. However, the gold standard methods are expensive, invasive and difficult to perform in subjects undergoing general health examinations. HOMA assessments can be reliably used in large-scale and/or epidemiological studies in which only fasting blood samples are available to assess IR; the HOMA explains 65% of the variability of IR, as assessed according to the glucose clamp technique (37) . Third, we used the combined data of two different cohorts. The effects of aging on IR and insulin secretion are controversial according to previous studies possibly due to the lack of statistical power. In the present study, we performed a combined data analysis after adjusting for center in order to obtain statistical power. Fourth, we used a self-administered questionnaire that had not been validated for assessing physical activity, current smoking and alcohol intake, which did not allow us to examine these factors directly. According to a report of the Japanese Ministry of Health, Labour and Welfare, the proportion of individuals who exercise regularly increases, while that of current smokers decreases, with age in both sexes, and the proportion of regular drinkers increases among men and decreases among women with aging up to the age of 70 years (38) . Since our results regarding the associations between lifestyle factors and age are consistent with these reports, our questionnaire appears to be reliable for assessing lifestyle habits.
In conclusion, insulin secretion assessed according to the HOMA model is associated with age-related increases in the glucose levels in Japanese men and women. In this study, a sex difference was observed regarding the impact of aging on IR. Therefore, age-related increases in adiposity are considered to be more important factors in women.
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